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问题之一。本文结合 CNTs 毒理学研究新进展，以成骨细胞 MC3T3-E1 细胞株作
为模型细胞，考察两种不同长度的多壁碳纳米管 (multi-walled carbon nanotubes, 
MWCNTs) 对 MC3T3-E1 细胞增殖与分化的影响并探讨其机制。具体如下： 
采用混合酸化的方法纯化 MWCNTs，得到分散性良好的 MWCNTs 悬液；用
多步超声过滤的方法分离出两种不同长度 MWCNTs，并用 Image J 图像处理软件
统计分析 MWCNTs 长度分布。用透射电镜(transmission electron microscope, 
TEM)、X 射线光电能谱 (X-ray photoelectron spectroscopy, XPS)、热重分析仪 
(thermo gravimetric analyzer, TGA) 对两种不同长度的 MWCNTs 进行理化表征分
析。 
MC3T3-E1 成骨细胞暴露于两种不同长度的 MWCNTs，用 WST-1 比色分析
法测定 MWCNTs 对 MC3T3-E1 细胞的毒性效应；碘化丙啶 (propidium iodide, PI) 
单染结合流式细胞仪 (flow cytometry, FCM) 检测细胞凋亡率；吖啶橙/溴化乙锭 
(acridine orange/ethidium bromide, AO/EB) 双染进行细胞凋亡形态学观察。 
利用异硫氰酸酯 (fluorescin isothiocyanate, FITC)-BSA 标记 MWCNTs，结合
激光共聚焦扫描显微镜 (confocal laser scanning microscopy, CLSM) 观察了两种
不同长度的 MWCNTs 在细胞内的分布与定位情况；利用 FCM 侧向角散射光特
性，定量分析 MC3T3-E1 细胞对 MWCNTs 的摄取率；利用荧光显微镜与扫描电
镜 (scanning electron microscopy, SEM) 观察不同长度的 MWCNTs 对 MC3T3-E1
成骨细胞粘附的影响。 
利用对硝基磷酸苯酚二钠 (pNPP) 法与茜素红染色 (alizarin red staining, 
















(rhodamine phalloidin) 与 FITC 标记的抗 α-tubulin 二抗，结合 CLSM 观察
MWCNTs 对细胞骨架 F-actin 与 α-tubulin 的影响。 
结论：结果表明，S-MWCNTs 与 L-MWCNTs 对 MC3T3-E1 细胞活性抑制均
表现为浓度依赖性，细胞凋亡是诱导细胞活性降低的可能机制；两种长度的
MWCNTs 均在细胞表面有不同程度的聚集，细胞内部的 MWCNTs 主要集中在胞
浆中，且无明显的长度依赖性，细胞与 MWCNTs 的相互作用导致细胞的粘附能




















Carbon nanotubes (CNTs) have attracted great attention due to their unique 
physical and chemical properties. Because of the lack of systematic studies on the 
biological and toxicological properties of CNTs, there is a discrepancy on toxicity 
reports. CNTs generated cell level changes including changes involved in metabolism, 
apoptosis, cell cycle arrest, stress response, cellular transport and inflammatory 
response. In vitro assays using cultured cells are of great significance for studying 
many aspects of cell biology for CNTs in bone tissue engineering. In this study, a 
series of experiments were carried out to investigate the cytotoxicity of multi-walled 
carbon nanotubes (MWCNTs) using MC3T3-E1 cell line. The main contents and 
results are as follows:  
Pristine MWCNTs were oxidized by the oxidizing acid (H2SO4, HNO3 or H2O2). 
The oxidized MWCNTs in the supernatant were then size-separated using a multi-step 
microfiltration process. Two different lengths of MWCNTs were characterized using a 
transmission electron microscope (TEM), thermo gravimetric analyzer (TGA), X-ray 
photoelectron spectroscopy (XPS).  
The cytotoxicity of MWCNTs on MC3T3-E1 cells was investigated by a WST-1 
assay. Flow cytometry (FCM) and acridine orange/ethidium bromide double staining 
(AO/EB) were applied to analyze apoptosis after treated with MWCNTs.  
The location of MWCNTs in MC3T3-E1 cells was observed by CLSM, flow 
cytometric light scatter was used to evaluate the cellular uptake potential of MWCNTs. 
Quantitative cell adhesion assays (DAPI staining) were performed on MC3T3-E1 
cells after incubation with MWCNTs. MC3T3-E1 cells morphology was observed by 
using SEM.  
The effect of MWCNTs on MC3T3-E1 cells differentiation was investigated by 
p-nitrophenyl phosphate disodium (pNPP) and alizarin red staining (ARS) assays; 
Immunofluorescence was used to evaluate the effect of MWCNTs on cytoskeleton 
reorganization.  
















could produce multi-walled carbon nanotubes with 161 nm and 681 nm in length, 
respectively. Treatment of MC3T3-E1 cells with MWCNTs significantly inhibited cell 
proliferation. MC3T3-E1 cells exposed to 100 µg/mL MWCNTs were found 
undergoing apoptosis. The interaction between MWCNTs and MC3T3-E1 cells 
affected the initial cell attachment, morphology and cell functions. These results 
suggested that the safety profile of MWCNTs should be more thoroughly investigated 
in order to provide better understanding for their design and applications as 
biocompatible nanomaterials. 
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1991 年，日本电镜专家 Iijima 等通过高分辨透射电子显微镜 (high resolution 
transmission electron microscope, HRTEM) 在电弧放电法生产富勒烯的阴极沉积
物中发现了由碳原子构成的直径为 4-30 nm、长度约为 1 µm 的中空管，这就是
今天被人们广泛关注的碳纳米管 (carbon nanotubes，CNTs)，也称巴基管(bucky 
tube)[1]。CNTs 是继石墨、金刚石和 C60 之后的又一种碳的同素异形体，结构类
似于由碳原子形成的六边形网络片层所组成的中空管体[2]，根据石墨片层的多少
可分为单壁碳纳米管 (single-walled carbon nanotubes, SWCNTs) 与多壁碳纳米
管 (multi-walled carbon nanotubes, MWCNTs) 两种类型。SWCNTs 由一层石墨原
子层构成，其直径大多为 0.4-2 nm；而 MWCNTs 可看成由多个直径不同的单层
石墨原子层的空心圆柱套构而成，直径 2-100 nm。CNTs 所具有的纳米级尺寸和
独特的结构使其具有良好的性能：较大的比表面积、特殊的电学性质、超高的力
学性能、具有极高的强度和极大的韧性（其抗拉强度是钢的 100 倍，重量却不及













































































































图 1-1 碳纳米管表面羧基化与载药示意图[28] 
Figure 1-1 The carbon nanotubes are functionalized with carboxylic acid (Left) and 











红外光谱在 900-1300 nm 是生物医学应用上一个重要的光学窗口，有较低的
光学吸收和较小的自发荧光背景。利用 SWCNTs 近红外特性，Kam[32]等通过叶
酸修饰 SWCNTs 使其能够选择性地进入有叶酸受体的肿瘤细胞的示踪，同时近

















图 1-2 碳纳米管在核磁成像系统中的应用[31]：碳纳米管注射鼠体内 6 小时，7 天
后碳纳米管在脾脏和肾脏内不同程度的聚集 
Figure 1-2 Proton MR Image of an injected rat: 6 h after, and 7 days after injection 











素 C (cytochrome c) 固定于聚苯胺与 MWCNTs 基质表面，MWCNTs 电极增强实
时监测的可能。Lynam[36]等将鼠免疫球蛋白 G (anti- IgG) 与通过共价结合与非共
价结合的方式结合与 CNTs 上，通过循环伏安法检测发现 CNTs 基传感器可以用
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